Double-quantum-well field-effect transistors with a grating gate exhibit a sharply resonant, voltage tuned terahertz photoconductivity. The voltage tuned resonance is determined by the plasma oscillations of the composite structure. The resonant photoconductivity requires a double-quantum well but the mechanism whereby plasma oscillations produce changes in device conductance is not understood. The phenomenon is potentially important for fast, tunable terahertz detectors. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1497433͔ Double-quantum-well ͑DQW͒ heterostructures are important in the scientific exploration of correlated electron states in two-dimensional electron systems 1 and potentially important for novel field-effect transistors that add functionality by controlling electron transfer between the quantum wells.
Double-quantum-well ͑DQW͒ heterostructures are important in the scientific exploration of correlated electron states in two-dimensional electron systems 1 and potentially important for novel field-effect transistors that add functionality by controlling electron transfer between the quantum wells. 2 Interwell transfer can also be promoted by terahertz photon assisted tunneling, opening the possibility of fast, voltage tunable terahertz ͑THz͒ detectors. 3 This motivated our research on THz response of DQW field-effect transistors ͑FETs͒. We report the THz photoconductivity of DQW FETs in which the gate is a periodic metallic grating. Strong photoresponse occurs at the plasma resonance of the composite structure. Other detector proposals make use of plasmon modes in single two-dimensional electron gas ͑2DEG͒ systems. 4 But, the relatively strong resonant response that we report here appears to require the presence of a DQW. We model the resonant response with a transmission line model of the collective modes of the 2DEGs and correlate the observed resonances with standing plasmon resonances under the metallic part of the grating gate. While the work was motivated by the concept of interwell transfer, the actual mechanism that gives rise to this response is not understood.
The FETs are fabricated from modulation doped GaAs/ AlGaAs DQW heterostructures grown by molecular beam epitaxy. Both wells are 200 Å wide and are separated by a 70 Å barrier. The nominal electron densities are n upper ϭ1.7 ϫ10
11 cm Ϫ2 and n lower ϭ2.57ϫ10 11 cm Ϫ2 : the 4.2 K mobility is ϳ1.7ϫ10
6 cm 2 /V s. A 2ϫ2 mm mesa is defined and ohmic contacts to both quantum wells form source and drain. A 700-Å-thick TiAu grating gate ͑with no metallization between the grating fingers͒ is evaporated with the lines of the grating perpendicular to the current flow. We explored 4 and 8 m periods; half the period is metal. The grating modulates the electron density when a voltage is applied, selects wave vectors of the excited plasmon and, coincidentally, produces both normal and transverse THz electric fields. See inset in Fig. 1 for a cross section of the sample.
We apply a constant source-drain current of 100 A, focus the radiation onto the sample, and study the photoconductive response of the DQW as a function of gate voltage, THz frequency, and temperature. The radiation sources are the free-electron lasers at the University of California, Santa Barbara, which cover a frequency range between 120 GHz and 4.8 THz. The response is linear with respect to sourcedrain current ͑photoconductive, not photovoltaic͒ and with respect to incident power. Figure 1 shows the conductance of the DQW channels as a function of gate voltage ͑depletion curve͒ and the photoconductive response at four different temperatures at a frequency of 570 GHz for the 4 m grating period sample. The depletion curve shows that at V g ϳϪ0.80 V the top 2DEG is fully depleted under the metallic portion of the grating gate, forming an array of disconnected 2 m stripes. As the gate voltage becomes more negative, the lower 2DEG is also patterned into stripes until the conductance goes to zero when both layers are cut off from the source and drain.
At Tϭ2.2 K the photoresponse at 570 GHz shows a broad structured peak at V g ϳϪ1. APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 9 up to around Tϭ40 K, after which it decreases. The temperature dependence is unexplained at this time but enhances the potential usefulness as a future detector. Figure 2 shows the gate dependent photoresponse at T ϭ25 K for different radiation frequencies. The resonant peak moves to less negative gate voltage, higher electron density, as we increase the frequency of the incident radiation; this is expected plasmon behavior. Figure 3 shows the photoresponse as a function of gate voltage at 600 GHz and Tϭ25 K for the 4 and the 8 m periods. There are multiple resonances in the photoresponse of the 8 m period which are the high order spatial harmonics ͑see below͒. The presence of many higher harmonics indicates that the THz electric field exciting the plasmons is very nonuniform, possibly localized at the edges of the metal.
Plasmon modes have been studied both theoretically 5, 6 and experimentally, 7-10 and there have been many different approaches to modeling them. 11, 12 The structure presented in this letter is complicated and can be split into two regions. 13, 14 there is a double layer ungated region and a double layer gated region with a varying electron density that becomes a single layer at large negative gate voltages. We chose to model the collective response of the composite structure by treating the DQW as a single one, ignoring the effect of fringing fields on the ungated regions and using an equivalent circuit ͑lower inset in Fig. 4͒ . In the ungated region we combine the sheet densities of the two quantum wells into one (n effective ϭn upper ϩn lower ) and keep it fixed. The response for the gated region involves standing waves under the grating metal. These are modeled by a ''transmission line'' with a variable density 2DEG ͑ranging from n effective to zero͒.
The total impedance is the sum of the impedances of the gated and ungated regions ͑in series͒. We calculate the ratio of the absorbed power to the incident power as a function of the electron density under the grating metallization. The lower plot in Fig. 4 shows the resulting normalized absorption as a function of gate voltage for the 4 m period at various frequencies. The resonant peak moves to lower gate voltage as we increase the frequency of the radiation.
The upper plot helps us develop some intuition by showing the plasmon wave vector in a uniformly metallized 2DEG at a particular frequency as a function of gate voltage. The horizontal lines correspond to an odd integer number plasmon 1/2 wavelengths underneath the 2 m metal finger in our device ͑odd spatial harmonics͒. The first set of resonances in the normalized absorption ͑from right to left͒ corresponds to the plasmon with wave vector 3q ϭ3*(2/4 m), as indicated by the parallel vertical lines. The insets on the top right are schematic representations of the current density distribution under the metal gate for the corresponding resonant modes.
By lumping the two wells together we ignore the acoustic plasmons in the double well regions; we assume only the optical plasmon is important. Nonetheless, the model captures the dependence on frequency, period, and density and leaves little doubt that the resonance is semiquantitatively described by the collective modes. While we understand that the tunable resonance is caused by the composite plasma oscillations, the mechanism that gives rise to the change in conductance at resonance is not clear. Relevant observations follow. ͑1͒ While it is clear that the electron density under the gated region controls the collective plasma oscillations of the composite structure, the changes induced in the dc conductance can take place in either the gated or ungated regions. ͑2͒ A single 2DEG processed in an identical manner showed no resonant response; the double well is necessary. ͑3͒ The change in sign in Fig. 3 challenges the idea that interwell transfer is responsible for this response because it is hard to imagine a reversal in the direction of the electron transfer process. ͑4͒ Coulomb interactions between two quantum wells are mediated by charge fluctuations, plasmons. 15 Radiation driven charge density fluctuations can lead to enhanced scattering between electrons in the two wells. Figure 2 shows that this device could be used as a tunable detector so we made an estimate of its noise equivalent power ͑NEP͒ without including optical coupling and found a NEPϭ6 W/Hz 1/2 and a responsivity of Rϭ890 V/W. This is not competitive with good incoherent detectors, on the other hand, the response time has been measured to be no slower than 700 ns. If the speed is sufficiently fast, it may find use as a THz heterodyne detector integrated with IF ͑intermediate frequency͒ electronics.
We have demonstrated that a double-quantum-well fieldeffect transistor with a grating gate exhibits striking voltage tuned resonant photoconductive response at terahertz frequencies directly related to plasma oscillations of this composite structure. To shed light on the photoconductive mechanism, future work will explore the effects of both normal and in plane magnetic field. Optimization of the device for a tuned incoherent or coherent detector with integrated signal processing electronics is also indicated.
